Whole-cell calcium current (lCa) and inwardly rectifying potassium current (IK1) were studied in 21-day fetal, 28-day fetal (total gestation, 31 days), 2-5-day neonatal, and adult rabbit ventricular myocytes isolated by enzymatic dissociation. Whole-cell peak lCa and IK, at -100 mV increased significantly after birth. Cell size approximated from cell membrane capacitance also increased with age, with the most significant increase occurring after birth. When normalized to cell surface area, peak IC. density increased from day 21 of gestation to the neonate and then increased again from neonate to adult. In all age groups, peak Ilc occurred at a test potential of + 10 mV, and the shape of the Ca2' current-voltage relation did not change with age. These findings suggest that there are no significant developmental changes in the voltage dependence of ICa-Therefore, the measured age-related increase in Ca2' current density may result from increased channel expression. IKI also exhibited a pattern of increasing current density with age. For 1Ki, the increase in current density was most rapid between day 21 and the perinatal period and much slower after birth. In adult mammalian heart, the cardiac action potential is accompanied by Ca21 influx from the extracellular space, which induces release of Ca 2 from the sarcoplasmic reticulum, resulting in contraction.8 Several ultrastructural and biochemical studies have shown that the sarcoplasmic reticulum is sparse and functionally immature in fetal cardiac myocytes.9-"1 Therefore, transsarcolemmal calcium influx has been suggested as a primary mechanism of excitation-contraction coupling in From the
T he fetal and perinatal periods of cardiovascular development are associated with important changes in the ultrastructural, biochemical, and physiological properties of cardiac myocytes.' With the advent of intracellular recording techniques, investigations have begun to focus on developmental changes in the electrophysiological properties of the cardiac cell membrane.2-4 Resting membrane potential, overshoot potential, and rate of rise of the action potential upstroke have been reported to increase with age,5 whereas little or no change has been seen in the duration of the action potential.6 '7 In adult mammalian heart, the cardiac action potential is accompanied by Ca21 influx from the extracellular space, which induces release of Ca 2 from the sarcoplasmic reticulum, resulting in contraction.8 Several ultrastructural and biochemical studies have shown that the sarcoplasmic reticulum is sparse and functionally immature in fetal cardiac myocytes.9-"1 Therefore, transsarcolemmal calcium influx has been suggested as a primary mechanism of excitation-contraction coupling in immature myocardium.9"14,12 In addition, K' currents are important in controlling the resting potential and the repolarization process. 13 The major K' current in ventricular cells shows significant inward rectification. This property of passing current only at potentials negative to the K' equilibrium potential allows for maintenance of the resting membrane potential while minimizing K' loss at plateau potentials.14 Determination of the characteristics of transsarcolemmal Ca2' and K4 movements in immature cardiac myocytes is of fundamental importance for understanding the cellular physiology of the heart as it develops through the late fetal and postnatal period. Recent studies have compared differences in the properties of transsarcolemmal calcium current (Ica) and inwardly rectifying potassium current (IK1) between adult and neonatal rabbit myocytes. '5-17 However, properties of these ionic currents in mammalian fetal myocytes have not been studied. Accordingly, the purpose of this study is to investigate developmental changes in ICa and lKl in rabbit ventricular myocytes at four developmental stages: 21-day fetus, 28-day fetus (full term, 31 days), 2-5-day-old neonate, and adult.
Materials and Methods

Single-Cell Isolation
Adult and neonatal cell preparation. Isolated cardiac myocytes were prepared using an enzymatic perfision method as described previously.18 Neonatal (2-5-day old) and adult (1.5-2.5 kg) New Zealand White rabbits were anticoagulated with heparin (1,000 units/kg) and anesthetized with pentobarbital (50 mg/kg) given intraperitoneally in the neonate and intravenously in the adult. The heart was immediately excised via a thoracotomy, and the pericardium was removed. Hearts were blotted, weighed, and placed in warm (37°C) oxygenated Tyrode's solution containing (mM) NaCI 136, KCl 5.4, CaCl2 3.5, NaH2PO4 0.33, MgCl2 1.0, HEPES 10, D-mannitol 4.0, thiamine hydrochloride 0.6, glucose 10, and pyruvic acid 2.0 (titrated to pH 7.25 with NaOH). The aorta was cannulated above the aortic valve, and the heart was perfused with Ca2-free Tyrode's solution for 3 minutes at 2.5 ml/min in the neonate and 45 ml/min in the adult using a multiline peristaltic pump (Minipuls 2, Gilson Medical Electronics, Inc., Middleton, Wis.). A cannula heater was used to deliver solution warmed to 37°C. Enzyme solution containing 1.0 mg/ml collagenase Type I (Sigma Chemical Co., St. Louis, Mo.) and 0.076 mg/ml protease Type XIV (Sigma) in Ca2-free Tyrode's was then perfused at same flow rate (7-10 minutes for neonatal and 50-70 minutes for adult hearts). Finally, the heart was perfused with 0.1 mM Ca2' Tyrode's solution for 3 minutes to wash out the enzymes. The heart was transferred to a glass Petri dish and gently teased with forceps to disperse individual myocytes.
Fetal cell preparation. Pregnant New Zealand White rabbits were anticoagulated with 1,500 units heparin and anesthetized with 150 mg pentobarbital intravenously. A transverse incision was made in the lower abdomen to expose the uterus. Fetuses were removed by hysterotomy, and the heart was rapidly excised. The cell isolation procedure was identical to that used for neonatal and adult rabbits except for a slower flow rate (0.4 ml/min) and shorter enzyme perfusion time (3-5 minutes) for 21-day fetuses.
Experimental Procedures
Whole-cell voltage-clamp technique. All experiments were performed at 23°C. Isolated single cells were placed in a small volume (<1 ml) recording chamber on the stage of an inverted microscope (Diaphot, Nikon, Japan). Using a double-pull technique as described by Marty 
Fetal Cell Action Potentials
The left panel of Figure 1 shows action potentials recorded from typical 21-day and 28-day fetal myocytes. The resting membrane potential increased from -68+0.5 mV (21-day fetus, n=5) to -73+0.9 mV (28-day fetus, n=3) during this period (p<0.01).
Fetal and Neonatal Growth
The right panel of Figure 1 shows mean cell surface area for the four age groups; typical original recordings of the capacitive current are shown in the inset. As Calcium Currents Figure 2 shows typical examples of the voltage-and time-dependent inward ICas recorded in each age group. In all age groups, the currents peaked within 10 msec of the onset of depolarization and gradually declined during the clamp step (100 msec). The current-voltage relations ( Figure 3 , left panel) for whole-cell 'Ca at each age show a characteristic "bell shape" with maximal peak current at Vclamp of +10 mV for all ages. As is evident in the left panel of Figure 3 , there was a significant agerelated increase (p<0.05) in the magnitude of maximal peak current between neonatal (122±12 pA, n=11) and adult (1,146+117, n=6) myocytes. The increases in maximal peak current from day 21 of gestation (57±5 pA, n=12) to day 28 of gestation (86+9.5 pA, n=7) and from day 28 of gestation to the neonate (122±+12 pA, n=11) were not statistically significant. In contrast, the calculated current density for maximal peak current (Figure 3 Figure 4 . In all age groups, the current displayed inward rectification, characteristic of 1K1 (see also Figure 5 ). The left panel of Figure 5 shows the current-voltage relations for wholecell 1K1. At Vc,amp of -100 mV, whole-cell IKI increased significantly only from neonate to adult (p<0.05) (21-day fetus, 184±41 pA, n=5; 28-day fetus, 332±47 pA, n=6; neonate, 475±35 pA, n=7; adult, 2,632±310 pA, n=7). The current densities ( Figure 5, right panel) , 21 (Figure 6, bottom panel) .
In addition, we have shown that the whole-cell current density of IK1 increases (2.5- appear to change during late fetal and postnatal development, and 4) both Ica and lKi densities increase during the late fetal period as well as the period from neonate to adult. ICa appears to undergo more significant change postnatally, whereas IK1 develops much more rapidly before birth. These findings may help to explain developmental changes in the resting membrane potential and configuration of the action potential of cardiac myocytes. In addition, these results are not consistent with an enhanced role for voltage-gated Ic,s in supplying Ca'+ to the myofilaments of immature ventricular cells.
An alternative method of transmembrane Ca2' influx may be operative early in development.
